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Optineurin (OPTN) has recently been linked to glau-
coma, a major cause of blindness worldwide. Mutations
in OPTN such as Glu503Lys (E50K) have been reported
in patients, particularly those with normal pressure
glaucoma. Here, we show that the endogenous OPTN
was not secreted in two ocular cell types, human tra-
becular meshwork and retinal pigment epithelial cells.
It localized instead in the cytoplasm in a diffuse pattern
without a distinct association with the Golgi apparatus.
When overexpressed, however, wild-type OPTN-green
fluorescent protein (GFP) formed foci especially around
the Golgi, colocalizing partially with the common en-
docytic pathway marker transferrin receptor in both
cell types. Fragmentation of the Golgi was also ob-
served. On nocodazole treatment, the OPTN foci were
dispersed into the cytoplasm. Overexpression of mu-
tant OPTNE50K-GFP resulted in a greater number (P <
0.0055) and size of the foci, compared with the wild
type, and the Golgi alteration was potentiated. Cell loss
observed in OPTN-expressing cultures was also more
pronounced in OPTNE50K-GFP compared with that of
wild-type OPTN-GFP counterparts (P < 0.01). This
study highlights a possible role of OPTN in vesicle
trafficking and Golgi integrity. It also provides in-
sights into the possible mechanisms why E50K would
exhibit a propensity toward the development of
glaucoma. (Am J Pathol 2006, 169:1976–1989; DOI:
10.2353/ajpath.2006.060400)

Glaucoma, a major cause of blindness worldwide, is a
group of diseases characterized by a progressive loss of
retinal ganglion cells and their axons. Primary open angle
glaucoma (POAG), the most common form of the disease,
is age-related and is frequently associated with elevated

intraocular pressure (IOP). The IOP is controlled by a bal-
ance between the production and outflow of the aqueous
humor in the anterior chamber. The trabecular meshwork
(TM), a specialized eye tissue neighboring the cornea, is
the major site for regulation of the aqueous humor outflow.1

A subset of POAG that accounts for approximately
30% of the POAG cases2 is called normal tension or
normal pressure glaucoma (NPG). In this condition, the
glaucomatous damage occurs with IOPs within the nor-
mal limits, although the progression of the damage is still
believed to be IOP dependent.3

Genetic studies have established that POAG is geneti-
cally heterogeneous and is caused by several susceptibility
genes4,5 and perhaps also environmental factors.6 To date,
a total of 12 chromosomal loci, designated as GLC1A to
GLC1L, have been mapped for POAG.4,5 Three genes,
myocilin, optineurin (OPTN), and WDR36, have been identi-
fied, respectively, as the GLC1A gene on 1q23-q25,7,8

GLC1E gene on 10p15-p14,9,10 and GLC1G gene on
5q22.1.11 Among them, OPTN is linked particularly to NPG
cases.10,12 Mutations, including Glu503Lys (E50K),
Met983Lys (M98K), and Arg453Gln (R545Q), in OPTN
have been found in 16.7% of families with hereditary POAG.
Approximately 80% of those families had the most prevalent
E50K mutation. Of the E50K-affected subjects, 18% had
high and the remaining had normal IOP values.10,12

The human OPTN gene contains three noncoding exons
in the 5�-untranslated region and 13 exons that code for a
577-amino acid protein.10 Alternative splicing at the 5�-
untranslated region generates at least three different iso-
forms, but all have the same open reading frame.10 Se-
quence analysis indicates that OPTN is a protein containing
multiple coiled coil domains, at least one leucine zipper
(amino acids 143 to 164), and a carboxyl-terminal zinc
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finger.13–15 OPTN was also identified previously as FIP-2
(14.7-interacting protein-2) and NRP (nuclear factor-�B es-
sential modulator-related protein).13,15 It was suggested
that OPTN might have a role in TNF-�-induced apoptosis,13

although this has not been well documented.
OPTN is expressed in many tissues, such as the heart,

brain, liver, skeletal muscle, kidney, pancreas, and the
eye.10,13 Previous studies suggested that OPTN might be
associated with the Golgi apparatus.10,15–17 OPTN has
been shown to interact with Rab8, huntingtin, and myosin
VI.14,17 Rab8 regulates membrane trafficking and is
known to promote changes in cell shape by reorganizing
actin and microtubules.18,19 Huntingtin has been local-
ized to endocytic and secretory membrane organelles.20

Myosin VI is a multifunctional motor protein that moves
toward the minus end of actin filaments and is found in a
number of intracellular compartments, including endo-
cytic vesicles, the Golgi, and secretory vesicles.21

Cellular and molecular biological studies of OPTN on
eye tissues or cells have been limited. Immunolabeling
for OPTN did locate this protein in the TM, cornea, non-
pigmented ciliary epithelium, iris, and retina, especially
the retinal pigment epithelium (RPE).22,23 OPTN was also
reported to be in the aqueous humor, suggesting that it
may be a secretory protein.10 Nevertheless, the exact
properties and the role of OPTN in ocular cells and the
pathogenic mechanisms of mutations such as E50K re-
main undefined.

In the present study, we examined the localization of
OPTN in two ocular cell types, namely, normal human TM
and RPE cells. We also investigated the consequences
from overexpression of wild-type OPTN and OPTN con-
taining mutation E50K. Our study implicated a role of
OPTN in vesicle trafficking and Golgi integrity in TM and
RPE cells. It also unveiled possible mechanisms why
E50K mutation may lead to pathology. These findings are
of clinical relevance in understanding of the development
of glaucoma.

Materials and Methods

Cell Cultures

Normal human TM tissues excised from donor eyes (Illi-
nois Eye Bank, Chicago, IL) were cultured on Falcon
Primaria flasks in complete medium containing Eagle’s
minimum essential medium (Sigma, St. Louis, MO), 10%
fetal bovine serum, 5% calf serum, essential and nones-
sential amino acids, and antibiotics. Donors were 14, 19,
21, 24, 26, 44, and 49 years old. When TM cells reached
confluence, they were trypsinized and subcultured. Sec-
ond- to fourth-passage cells were used in this study. RPE
(ARPE-19) cells obtained from American Type Culture
Collection (Manassas, VA) were grown and maintained in
complete medium.

Secretion Analysis

Freshly confluent TM cells were equilibrated in basal
medium (Eagle’s minimum essential medium with 2

mg/ml bovine serum albumin, 0.1 mg/ml lima bean tryp-
sin inhibitor, 1 �g/ml insulin, and 0.1 �g/ml transferrin) for
1 hour. Cells were then incubated with fresh basal me-
dium, and the medium was collected for two sequential
30-minute periods. The medium was replaced with fresh
basal medium containing 1 mmol/L BaCl2 for another two
sequential 30-minute periods.24 The media collected
were centrifuged to remove nonadherent cells. Protease
inhibitor cocktail (Roche, Indianapolis, IN) was added,
and the media were concentrated by Centricon YM-10
(Millipore, Bedford, MA). Cells were harvested in Cel-
Lytic-M cell lysis reagent (Sigma) containing protease
inhibitor cocktail. Aliquots of each media sample and
total cell lysate were analyzed by Western blotting. In
brief, proteins were separated on sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels and electroblotted for 1 hour onto Protran BA83
nitrocellulose membrane (Whatman, Sanford, ME). After
blocking for 1 hour with 5% nonfat dry milk in 20 mmol/L
Tris buffer (pH 7.4) containing 150 mmol/L NaCl and
0.1% Tween 20, the membrane was incubated for 1 hour
with either anti-OPTN (1:2000; Cayman Chemical, Ann
Arbor, MI) or anti-myocilin25 (1:5000; a gift from Dr.
Daniel Stamer, University of Arizona, Tucson, AZ). Ac-
cording to the manufacturer’s specification, the anti-
OPTN antibody, raised in rabbits against a peptide cor-
responding to amino acid 115 to 130 sequence,
recognizes human OPTN with a molecular size of 74 kd.

The blot was further incubated for 1 hour with horse-
radish peroxidase-conjugated secondary antibody
(1:10,000; Jackson ImmunoResearch Laboratories, West
Grove, PA), and protein bands were detected using Su-
perSignal Substrate (Pierce, Rockford, IL). For repeated
probing, the blot was stripped for 1 hour at room temper-
ature with ImmunoPure IgG Elution buffer (Pierce).

Immunofluorescence Staining

TM and RPE cells (5000 cells/well) plated onto Lab-Tek
eight-well CC2 glass chamber slides (Nalge Nunc, Roch-
ester, NY) were fixed in 4% paraformaldehyde for 15
minutes, washed with 100 mmol/L glycine in phosphate-
buffered saline, and permeabilized in 0.2% Triton X-100
for 4 minutes. After 30 minutes of blocking with 3% bovine
serum albumin, the cells were incubated for 1 hour at
room temperature with anti-OPTN (1:200), anti-GM130
(1:100; BD Biosciences, San Jose, CA), or anti-golgin97
(1:200; Invitrogen, Carlsbad, CA). They were further in-
cubated for 45 minutes with fluorescein isothiocyanate-
or Cy3-conjugated secondary antibody (1:200; Jackson
ImmunoResearch Laboratories) and mounted in Vectash-
ield with 4,6-diamidino-2-phenylindole (Vector Laborato-
ries, Burlingame, CA). Photography was performed using
a 63� oil objective on an Axioscope (Carl Zeiss Micro-
Imaging, Thornwood, NY) with the aid of Metamorph
software (Molecular Devices, Downingtown, PA). In some
experiments, confocal microscopic analysis was per-
formed on a Leica SP2 confocal system (Leica Microsys-
tems, Bannockburn, IL) with a 63� oil objective using
sequential scanning to minimize the bleed through.26 The
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extent of colocalization was quantified using the ImageJ
software by generating contour maps of each image by
overlaying the green [wild-type OPTN (OPTNWT)-green
fluorescent protein (GFP)] and red (Golgi markers) chan-
nels. Total number of green foci and that overlapped with
the red staining around the Golgi areas were counted.27

Subcellular Fractionation

TM and RPE (5 � 106) cells were harvested in homoge-
nization buffer (0.25 mol/L sucrose, 10 mmol/L HEPES,
pH 7.4, and 1 mmol/L ethylenediamine tetraacetic acid).
The cells were broken by repeated strokes in a Dounce
homogenizer. Cell debris and nuclei were pelleted by
centrifugation at 1000 � g for 10 minutes. The superna-
tant was overlaid onto the top of the discontinuous gra-
dient, which consisted of 30, 25, 20, 15, and 10% iodixa-
nol solution (OptiPrep; Accurate Chemical & Scientific
Corp., Westbury, NY). After centrifugation at 4°C in a
Beckman SW rotor at 100,000 � g for 3 hours, 17 frac-
tions were collected from top to bottom. One-sixth of
each fraction was loaded on SDS-PAGE gels and immu-
noblotted with anti-optineurin, anti-GM130 (1:500), and
anti-golgin97 (1:2000).

Plasmid Construction

The open reading frame (ORF) without stop codon of
OPTN was amplified by polymerase chain reaction (PCR)
using pcDNA3-NRP (a gift from Dr. Robert Weil, Institute
Pasteur, Paris, France) as template and primers 5�-GG-
CGAATTCCCACCATGTCCCATCAACCTCTCAGC-3�
and 5�-GGCGGATCCCGAATGATGCAATCCATCACGT-
G-3�. To generate the Rab8 ORF, cDNAs synthesized
from total RNA of human TM cells by Superscript II cDNA
synthesis kit (Invitrogen) were used as template, and
PCR was performed with primers 5�-GGCGAATTCTATG-
GCGAAGACCTACGATTA-3� and 5�-GGCGGATCCTCA-
CAGAAGAACACATCGGA-3�. The resulting PCR prod-
ucts of OPTN and Rab8 were digested with EcoRI and
BamHI and cloned in frame into pEGFP-N1 and pDsRed-
Monomer-C1 (BD Biosciences), respectively, at the same
restriction sites to yield constructs containing wild-type
OPTN and GFP, pOPTNWT-GFP, and containing DsRedM
and wild-type Rab8, pDsRedM-Rab8WT, respectively. All
mutant constructs were generated by QuikChange II Site-
Directed Mutagenesis kit (Stratagene, La Jolla, CA). The
sense primer sequences used for mutagenesis were 5�-
GAAAGAGCTCCTGACCAAGAACCACCAGCTGAAA-
G-3� for pOPTNE50K-GFP and 5�-GACACAGCCGGTCT-
GGAACGGTTTCGG-3� for pDsRedM-Rab8Q67L. The
antisense primer sequences were the reverse. To con-
struct untagged OPTN, PCR amplification of the OPTN
ORF with stop codon was performed using pcDNA3-NRP
as template and primers 5�-CCACCATGTCCCATCAAC-
CTCTCAGC (sense) and 5�-TACTAAATGATGCAATCCA-
TCACGTG-3� (antisense). The antisense primer was also
used to amplify FLAG-tagged OPTN along with a sense
primer, 5�-CCACCATGGATTACAAGGATGACGACGATA-
AGATGTCCCATCAACCTCTCAGC-3�. The amplified PCR

products were then inserted into pTarget (Promega, Madi-
son, WI), yielding pTarget-OPTN and pTarget-FLAG-OPTN.
Sequencing was followed to verify all of the constructs.

Transient Transfection

Transient transfection was performed using FuGENE6
reagent (Roche) per the manufacturer’s instruction with
minor modifications. In brief, cells were plated at 60 to
70% confluency overnight. Cells were washed with Dul-
becco’s modified Eagle’s minimum essential medium
(DMEM; Invitrogen) 1 hour before the transfection and
transferred to DMEM containing 2.5% fetal bovine serum.
FuGENE6 reagent in DMEM was mixed with plasmid DNA
at a 3:1 ratio and added to the cells for indicated time
periods. Two micrograms of plasmid DNA per milliliter of
the final transfection mixture was used unless otherwise
noted. The transfection efficiency was estimated from the
number of GFP-expressing green cells versus total num-
ber of cells under a Zeiss fluorescence/phase contrast
microscope.

Transgene Expression

TM and RPE cells in six-well plates were transfected with
pEGFP-N1 (control) or pOPTNWT-GFP for 16 hours. The
media were collected and concentrated. The cells were
lysed for 15 minutes in CelLytic-M cell lysis reagent con-
taining protease inhibitor cocktail. Cell debris was re-
moved, and the protein content was determined by bi-
cinchoninic acid protein assay kit (Pierce). Protein ex-
tracts (10 or 20 �g) and concentrated media samples
were resolved on SDS-PAGE and immunoblotted with
anti-OPTN, anti-GFP (1:1000; Santa Cruz Biotechnology,
Santa Cruz, CA), or anti-glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH, 1:5000; Trevigen, Gaithersburg,
MD).

Co-Distribution of OPTN Foci with Golgi
Markers, Rab8, Myosin VI, and
Transferrin Receptor

TM cells plated on eight-well glass chamber slides were
transfected with pOPTNWT-GFP, untagged pTarget-OPT-
NWT, or pTarget-FLAG-OPTNWT for 16 hours. Cells were
fixed for immunofluorescence staining with anti-OPTN,
anti-GM130, anti-golgin97, anti-myosin VI (1:100; Sigma),
anti-FLAG (1:500; Sigma), or anti-transferrin receptor (1:
100; Invitrogen). For colocalization with Rab8, cells were
co-transfected with pOPTNWT-GFP and pDsRedM-
Rab8Q67L (constitutively active Rab8).

Effects of Chemicals on OPTN Foci Distribution

The OPTN foci distribution was examined after treatment
of transfected cells for 30 minutes with vehicle [dimeth-
ylsulfoxide (DMSO)], brefeldin A (BFA; 5 �g/ml), nocoda-
zole (10 �g/ml), or cytochalasin D (CytoD; 1 �mol/L).
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OPTN Foci Formation and the Golgi Integrity

TM and RPE cells were transfected with pEGFP-N1,
pOPTNWT-GFP, or pOPTNE50K-GFP for 16 hours and
stained with either anti-GM130 or anti-golgin97. Images
were taken using a 63� oil objective as described above.
The number of foci formed was counted in at least 60
transfected cells manually and through the use of Meta-
morph computer software. The integrity of the Golgi ap-
paratus in the same set of transfectants was determined.
The judgment of a broken Golgi complex was based on
the presence of disconnected, small and round GM130-
immunolabeled Golgi membranes dispersed in the cell.28

Percentage of transfected cells that displayed broken or
fragmented Golgi and the degree of Golgi fragmentation
were analyzed manually and through the Metamorph
software. Significance of the data was determined by
Student’s t-tests. Three sets of independent experiments
were analyzed.

Quantitative Analysis of Cell Death

RPE cells on glass chamber slides were transiently trans-
fected to express GFP alone, OPTNWT-GFP, or
OPTNE50K-GFP. Five to six 10� fields, each containing at
least 50 transfected cells, were selected. Images in the
selected areas were captured after washing to remove
nonsurviving cells at 24-hour intervals for 4 days. The
number of remaining cells was counted using the Meta-
morph software. Three sets of independent experiments
were performed. The significance of the data was deter-
mined by Student’s t-tests.

Results

OPTN Is Not Secreted

OPTN was reported to be in the aqueous humor, sug-
gesting that it might be secreted by cells in the anterior
chamber such as TM and nonpigmented ciliary epithelial
cells.10 However, we did not detect any OPTN protein by
Western blotting even on overloading or overexposure
(data not shown) in culture media concentrated from
either human TM or RPE cultures. To carefully address
this issue, secretion assay was performed using BaCl2, a
secretagogue known to induce protein secretion.24 TM
cells were incubated in basal medium for two sequential
30-minute periods followed by the challenge of BaCl2 for
another two sequential 30-minute periods. The media
collected along with total cell lysate were analyzed by
immunoblotting (Figure 1). Myocilin, a protein well docu-
mented to be secreted in TM cells,29 was used as a
positive control. As expected, myocilin was found in the
basal media, and the secretion was enhanced by BaCl2.
By contrast, OPTN was not discerned in any of the media
samples (Figure 1, top, lanes 1 to 4) under the same
conditions. Meanwhile, abundant OPTN was present in
the total cell lysate (Figure 1, top, lane 5).

Localization of Endogenous OPTN

OPTN has previously been suggested to localize to the
Golgi apparatus in nonocular or transformed cell
types.10,15–17 We performed immunofluorescence (Fig-
ure 2) and noted that in human TM and RPE cells, the
endogenous OPTN (Figure 2, A, a and d, and B, a and d),
seen as punctuate staining products, was localized in the
cytoplasm displaying a diffuse pattern. Double staining of
OPTN with two Golgi markers, GM130 (Figure 2, Ab and
Bb) for cis-compartment of the Golgi and golgin97 (Fig-
ure 2, Ae and Be) for the trans-Golgi network, indicated
that there was no distinct association of OPTN with the Golgi
in either TM or RPE cells (Figure 2, A, c and f, and B, c and
f). The lack of major colocalization was confirmed by con-
focal microscopy after sequential scanning.26

To verify results further, subcellular fractionation was
performed. TM and RPE cell extracts were fractionated
on iodixanol density gradient and subjected to Western
blotting. As shown in Figure 3, GM130 and golgin97 were
detected in both cell types in fractions 4 to 13. GM130
was concentrated in slightly denser fractions (6 to 9,
Figure 3A; 7 and 8, Figure 3B) than those of golgin97
(fractions 5 and 6, Figure 3, A and B) as expected. OPTN
was retrieved in lighter fractions. It was distributed in TM
and RPE cells, respectively, in fractions 1 to 5 (Figure 3A)
and 2 to 4 (Figure 3B). There was only minor co-distribu-
tion with Golgi markers in fractions 4 and 5. These exper-
iments confirmed that OPTN, to a large extent, is not
associated with the Golgi.

OPTN Forms Foci around the Golgi Complex on
Overexpression and Causes Golgi
Fragmentation

To evaluate the effects of wild-type OPTN (OPTNWT) over-
expression, TM and RPE cells were transiently trans-
fected with constructs containing OPTNWT tagged with
GFP (pOPTNWT-GFP) and GFP alone (pEGFP-N1, mock
control). Expression levels of the endogenous OPTN,
OPTNWT-GFP fusion protein, and GFP were subsequently

Figure 1. Secretion analysis of OPTN. TM cells were equilibrated in basal
medium for 1 hour. Cells were transferred to fresh basal medium without and
then with 1 mmol/L BaCl2, each for two sequential 30-minute periods. The
medium collected during each incubation period was concentrated, and
equal aliquots were immunoblotted using anti-OPTN and anti-myocilin (pos-
itive control). The 55/57-kd (kDa) myocilin bands were found in the col-
lected media, whereas the 74-kd OPTN band was only detected in the cell
lysate.
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Figure 2. Localization of the endogenous OPTN in TM (A) and RPE (B) cells. Cells were fixed and double-stained with anti-OPTN antibody (�-OPTN) in green
(a and d) and antibodies for Golgi markers �-GM130 (b) and �-Golgin97 (e) in red. 4,6-Diamidino-2-phenylindole staining for nuclei (blue) is shown with Golgi
markers (b and e), and the merged images are shown in c and f. Images were taken using a 63� oil objective of an Axioscope and Metamorph software. Bar �
10 �m.
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monitored by Western blotting (Figure 4, Aa and B, a and
b). The GAPDH expression level was used as a protein
loading control (Figure 4, Aa and Ba). In OPTNWT-GFP-
overexpressing cells (Figure 4, Aa and Ba; lane 2), the
fusion protein with a molecular mass of 102 kd was
detected as anticipated by OPTN and GFP antibodies.
The endogenous OPTN was observed as a 74-kd band
and GFP was observed as a 28-kd band in control sam-
ples (Figure 4, lane 1).

To determine whether OPTN is secreted when overex-
pressed, culture medium collected from RPE cultures 24
hours after pOPTNWT-GFP transfection was concen-
trated. Immunoblotting with anti-OPTN demonstrated
strong OPTNWT-GFP and OPTNWT bands in the lysate of
transfectants (Figure 4B, b, lane 3). In contrast, no protein
bands were detected in the media (Figure 4B, b, lane 4),
confirming the data in Figure 1 that OPTN was not a
secreted protein.

By fluorescence microscopy, GFP in pEGFP-transfected
controls was seen covering the entire cell area in the cyto-
plasm and in the nucleus (Figure 4B, f). OPTNWT-GFP was
found mainly in the cytoplasm of TM and RPE cells with a
diffuse pattern (Figure 4, Ab and Bc) as was described for
the endogenous OPTN in Figure 2. In addition, granular
structures were observed to distribute in the cytoplasm
including the cell periphery but most notably near the nu-
cleus. They were variable in size and were referred to as the
OPTN foci in this report. When pOPTNWT-GFP-transfected
cells were immunostained for OPTN, nearly all of the green
fluorescent OPTN foci were decorated with anti-OPTN-im-
munoreactive products in red fluorescence (data not
shown), verifying the specificity of the OPTN antibody and
signifying that the foci formed from overexpression were
made up of OPTN. The OPTN foci were also observed in
cells expressing either untagged OPTNWT or FLAG-tagged
OPTNWT after immunostaining with either anti-OPTN or anti-
FLAG (data not shown). The distribution pattern of these foci
was similar to that seen in pOPTNWT-GFP-transfected cells,

suggesting that the foci observed were not artifacts from the
GFP tag.

The pOPTNWT-GFP-transfected cells were immuno-
stained for Golgi markers and imaged through sequen-
tial scanning using confocal microscopy. The foci, al-
though in close proximity to the Golgi apparatus, were
not overtly associated with the organelle. The extent of
co-distribution or colocalization between the green
OPTN foci and the red staining for golgin97 (Figure 4,
Ac and Bd) around the Golgi areas was analyzed.27

Results indicated that the overlap between the two was
less than 6% (5.3 � 2.3%, n � 8). The very minor, if
any, co-distribution was likewise observed in cells ex-
pressing OPTNWT-GFP co-immunostained with anti-
GM130 (data not shown).

Whereas the GFP-expressing control cells exhibited ro-
bust Golgi staining and structure (Figure 4B, g), the Golgi
complex in OPTNWT-GFP-expressing cells appeared to be
disconnected or fragmented (Figure 4, Ac and Bd). The
percentage of transfectants that displayed fragmentated
Golgi was subsequently determined. Almost 60% of the
OPTNWT-GFP-overexpressing cells, versus only 11% in the
GFP control, showed Golgi alteration (Table 1).

OPTN Foci Co-Distribute with OPTN-Interacting
Molecules and Transferrin Receptor

OPTN is known to interact with Rab8 and myosin
VI.14,17 To establish that the foci observed after trans-
fection represent bona fide OPTN that possesses rel-
evant properties, we examined the co-distribution of
the OPTN foci with the constitutively active (Rab8Q67L)
form of Rab8 and myosin VI. Data depicted in Figure 5
revealed that there was colocalization between the
OPTN foci and Rab8Q67L (Figure 5c) and myosin VI
(Figure 5f). The colocalization was found in a majority,
although not all, of the OPTN foci at the perinuclear
region. Foci in the cell periphery largely did not co-
distribute with either Rab8Q67L or myosin VI.

Apart from the Golgi apparatus, Rab8 and myosin VI
have been associated with endocytic vesicles.18,21 The lack
of major Golgi colocalization and yet the connection with
Rab8 and myosin VI suggested that the OPTN foci might be
associated with endocytic compartments. This possibility
was investigated by staining pOPTNWT-GFP-transfected
cells for transferrin receptor, a commonly used marker for
endosomal vesicles. Results showed that the OPTN foci did
co-distribute with a population of transferrin receptor mole-
cules (Figure 5i).

Distribution of OPTN Foci Is Microtubule
Dependent

To assess whether the distribution of OPTN is microtu-
bule- or actin network-dependent, we treated pOPTNWT-
GFP-transfected cells with vehicle (DMSO) alone, BFA,
nocodazole, or CytoD. BFA is a fungal metabolite that
causes Golgi dispersion into the cytoplasm by blocking
the transport of proteins to the Golgi.30 Nocodazole de-

Figure 3. Distribution of OPTN and two Golgi markers after cellular frac-
tionation. TM (A) and RPE (B) cell extracts were subjected to iodixanol
density gradient flotation. Fractions were collected from the top (fraction 1)
to the bottom (fraction 17) of the gradient. Aliquots of each fraction were
analyzed by immunoblotting using anti-OPTN, anti-golgin97, or anti-GM130.
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polymerizes microtubules.31 CytoD is a fungal toxin that
disrupts actin filaments and inhibits actin polymeriza-
tion.32 As shown in Figure 6, little effect was elicited by
CytoD (Figure 6, j and l), whereas the OPTN foci were
dispersed completely from the perinuclear/Golgi region
into the cytoplasm by nocodazole (Figure 6, g and i). The
dispersion was also seen with BFA (Figure 6, d and f) but
only to a minor extent. Again, the OPTN foci did not
co-distribute with the Golgi apparatus. These results sug-
gested that the OPTN foci distribution was dependent on
integrity of the microtubule, not the actin cytoskeleton.

Foci Formation and Golgi Integrity in Cells
Overexpressing OPTNE50K

Construct pOPTNE50K-GFP was made by site-directed
mutagenesis. TM and RPE cells were transiently trans-
fected with pEGFP-N1, pOPTNWT-GFP, or pOPTNE50K-
GFP. As was described for the OPTNWT-GFP-expressing
cells, foci were prominently observed in OPTNE50K-GFP
transfectants in the perinuclear region around the Golgi
apparatus (Figure 7A). The foci formation was more strik-
ing in the latter than the former; the number and size of
the foci were greater. We counted the foci in transfected
cells and calculated the average number of foci per
transfectant (Figure 7B; Table 1). The number of foci in
OPTNE50K-GFP-expressing cells was determined to be
significantly (P � 0.0055) higher than that in OPTNWT-
GFP-transfectants. The foci number in the GFP control
was, as expected, close to zero.

The transfected cells were further immunostained with
either anti-GM130 or anti-golgin97. The Golgi structure in
GFP-expressing control cells was indistinguishable from

that in the neighboring nontransfected normal cells (Figure
8, a and d). The Golgi, as was depicted above (Figure 4),
was fragmented in cells expressing OPTNWT-GFP (Figure 8,
b and e). The Golgi fragmentation was even more severe
when cells were expressing OPTNE50K-GFP (Figure 8, c
and f).

Quantitative analyses were performed. The Golgi
fragmentation was defined as the presence of discon-
nected, small and round Golgi fragments dispersed in
the cell.28 The percentage of TM cells with Golgi alter-
ation (Table 1) was greater (P � 0.0036) in cells ex-
pressing OPTNE50K-GFP (87.6 � 1.0%) than in those
expressing OPTNWT-GFP (59.1 � 2.3%). Both were
significantly (P � 0.004) higher than the GFP-express-
ing controls (11.3 � 2.4%). We also scored the Golgi
alteration per affected cell on the scale of 1 to 4 in
terms of its severity (Table 1). The more severe frag-
mentation was noted again in cells expressing
OPTNE50K-GFP. The Golgi alteration also appeared to
be accompanying the foci formation. Generally, the
more prominent the foci formation in number, the more
austere was the Golgi fragmentation.

Overexpression of OPTNWT and OPTNE50K

Results in Cell Death

During the course of the study, we noticed that the
number of transfectants decreased with time after
OPTN transfections. To provide quantitative assess-
ments, the number of RPE cells expressing GFP alone
or OPTNWT- or OPTNE50K-GFP was monitored after
transfection at 24-hour intervals for 4 days. It was
discovered that, at the 48-hour time point, the cell

Table 1. Number of OPTN Foci and Golgi Integrity in OPTNWT- and OPTNE50K-Overexpressing TM Cells

Average no. of
transfected cells

examined per experiment

Average no. of
foci per

transfected cell

Golgi integrity

Percentage of
cells with Golgi
fragmentation

Degree of Golgi
fragmentation per

affected cell

GFP alone 70 0.4 � 0.1 11.3 � 2.4 1.2 � 0.2
OPTNWT-GFP 69 64.6 � 2.1* 59.1 � 2.3* 1.7 � 0.1†

OPTNE50K-GFP 69 152.9 � 10.7*‡ 87.6 � 1.0*§ 2.6 � 0.1†‡

Transiently transfected TM cells (shown in Figure 7A) were stained with anti-GM130. The number of OPTN foci was counted as in Figure 7B, and
numerical values are presented. The percentage of transfected cells that displayed broken or fragmented Golgi was determined. The degree of Golgi
fragmentation in the same set of transfected cells was scored on a scale of 1 to 4, representing minor to increasingly severe alterations. Three
independent experiments were analyzed, and data were averaged and presented as mean � SD.

*P � 0.004 compared with the GFP control.
†P � 0.035 compared with the GFP control.
‡P � 0.0055 compared with the OPTNWT-GFP.
§P � 0.0036 compared with OPTNWT-GFP.

Figure 4. Cellular localization of overexpressed OPTN. A: TM cells were transfected with pEGFP-N1 or pOPTNWT-GFP for 16 hours. a: Twenty �g of protein
extracts from pEGFP-N1-transfected (lane 1) and pOPTNWT-GFP-transfected (lane 2) cells were subjected to Western blotting with anti-OPTN (�-OPTN),
anti-GFP (�-GFP), or anti-GAPDH (�-GAPDH). b–e: TM cells were transfected with pOPTNWT-GFP, fixed, and immunostained with anti-golgin97 (c; red). OPTN
foci (green) are seen in b, d, and e. The Golgi apparatus is presented at a higher magnification in the inset in c. Merged image is shown in d. The boxed
perinuclear/Golgi region in d is enlarged in e. OPTN foci were predominantly distributed in the perinuclear region around the Golgi with little colocalization
observed with the Golgi marker golgin97. Scale bars: 10 �m (b–d); 4 �m (e). B: RPE cells were transfected with 0.4 �g (a) or 2 �g (b) of pOPTNWT-GFP or
pEGFP-N1 per milliliter of transfection solution. a: Twenty �g of protein extracts from pEGFP-N1- (lane 1) and pOPTNWT-GFP-transfected cells (lane 2) were
immunoblotted with �-OPTN, �-GFP, or �-GAPDH. b: Ten �g (1/20 of total lysate) of protein extracts (lanes 1 and 3) and one-sixth of concentrated media (lanes
2 and 4) from pEGFP-N1-transfected (lanes 1 and 2) and pOPTNWT-GFP-transfected (lanes 3 and 4) cultures were probed with �-OPTN and �-GFP. In parallel
experiments, the pOPTNWT-GFP-transfected (c–e; GFP in green) and pEGFP-N1-transfected (f–h; GFP in green) cells were immunostained with anti-golgin97
(d and g; red). The Golgi apparatus is shown at a higher magnification in insets in d and g. Merged images are presented in e and h. Images were taken using
a 63� oil objective. Bar � 10 �m.
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number was increased for all cultures (Figure 9). At
subsequent time points, the cell number remained
roughly unchanged in the GFP control. On the contrary,
a decrease in cell number, indicative of cell loss, was
found in the wild-type and mutant OPTN-transfected
cultures (P � 0.001 compared with the GFP control).
The cell loss appeared to be more pronounced in the
E50K cultures than in the wild type. The difference was
statistically (P � 0.01) significant.

Discussion

OPTN protein, the product of the GLC1E gene, is ubiqui-
tously expressed in many nonocular13 and ocular10,22,23

tissues. Mutations in the OPTN gene have only been
found to date in patients with glaucomatous pathology in
the eye, implying that the function, processing, or regu-

lation of OPTN may be unique or specific in ocular cells.
In the present study, we used two ocular cell types,
human trabecular meshwork and RPE cells, for OPTN
investigations.

The OPTN gene, although linked mostly to NPG, has
also been linked to high-pressure POAG cases.10,12

TM cells were chosen for the OPTN study because they
are believed to be responsible for regulation of the
aqueous humor outflow and control of the IOP, a major
risk factor for POAG. RPE cells are not currently impli-
cated in any forms of glaucoma. They were chosen for
the study largely based on the finding that OPTN is
prominently expressed in the RPE tissue in mouse and
monkey eyes.22,23 In addition, OPTN was found to be
expressed at a reasonably high level in cultured TM
and RPE cells, permitting systematic and extensive
examinations. The basic information and protocols es-

Figure 5. Colocalization of the OPTN foci with other proteins. For colocalization with Rab8, TM cells were co-transfected with pOPTNWT-GFP (a; green)
and pDsRedM-Rab8Q67L (b; red). For colocalization with myosin VI (e; red) and transferrin receptor (h; red), TM cells were immunostained with antibody
to myosin VI (�-Myo6; e; red) and transferrin receptor (�-TfR; h; red) after transfection with pOPTNWT-GFP (d–i; GFP in green). Colocalization is observed
in merged images (c, f, and i). The perinuclear region is shown at a higher magnification in insets. Images were taken using a 63� oil objective. Bar �
10 �m.
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tablished presently would facilitate future experimen-
tation on cell types, including retinal ganglion cells and
astrocytes, that are of direct relevance to NPG.

We provide herein experimental evidence that the en-
dogenous OPTN is not a secreted protein. This protein
was not found in the basal culture medium. Moreover, it
was not secreted even under a condition in which secre-

tion of proteins such as myocilin was promoted (Figure 1)
or when OPTN is overexpressed (Figure 4B, b). In previ-
ous reports, OPTN was purported to be a secretory pro-
tein because it was detected in the aqueous humor and
the culture medium.10,12 Data, however, were not pro-
vided. Corroborating our results, Kroeber et al33 in a
recent study did not detect any OPTN in the aqueous

Figure 6. Effects of chemicals on the OPTN foci distribution. TM cells after transfection with pOPTNWT-GFP were treated for 30 minutes with vehicle alone
(DMSO; a–c), 5 �g/ml BFA (d–f), 10 �mol/L nocodazole (g–i), or 1 �mol/L cytochalasin D (j–l) for 30 minutes. Cells were fixed, permeabilized, and
immunostained with anti-GM130 (�-GM130). Distribution of OPTN foci (a, d, g, and j) and the Golgi (b, e, h, and k) is shown in green and red, respectively.
Merged images are presented in c, f, i, and l. Images were taken using a 63� oil objective. Bar � 10 �m.
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humor of transgenic mice overexpressing wild-type
OPTN in the lens.

OPTN is demonstrated to distribute in the cytoplasm of
human TM and RPE cells in a diffuse pattern (Figure 2).
We also show that the punctate OPTN staining is not
distinctly associated with the Golgi apparatus. This find-
ing is disparate from previous observations that OPTN in
cell types such as HeLa,15,17 DU249 hepatoma,16 dermal
fibroblast,10 and normal rat kidney17 is localized to the
Golgi. The disparity could reflect differences in cell types.
However, it is noteworthy that the observations made
previously were all through immunocytochemistry. We
also performed immunofluorescence, but the lack of ma-
jor colocalization was carefully scrutinized under a con-
focal microscope. Furthermore, biochemical analyses af-
ter subcellular fractionation indicated that the fractions
segregating main portions of OPTN are different from
those of the Golgi markers in TM and RPE cells (Figure 3).
Most of the OPTN was found in the lighter cytosolic
fractions, compatible with the immunofluorescence re-

sult. Although there may exist a slight overlap in distribu-
tion between OPTN and the Golgi (in fractions 4 and 5, for
example; see Figure 3, A and B), it is evident that the
endogenous OPTN is by and large not associated with
the Golgi. Consistent with this conclusion, no more than
marginal Golgi association was seen when TM and RPE
cells were transfected to overexpress GFP-tagged wild-
type OPTN. The granular structures or foci formed after
the transfection, although seemingly residing in close
proximity, did not appreciably colocalize with the Golgi
complex after sequential confocal scanning (Figure 4).

The addition of C-terminal GFP tag to the wild-type
OPTN may be a potential limitation in the transfection
experiments. However, many proteins containing tags
preserve properties comparable with those of the native
or endogenous protein.34 In the present case, the distri-
bution pattern of OPTNWT-GFP is similar to the endoge-
nous protein. The foci are formed not only in cells over-
expressing OPTNWT-GFP but also in those expressing
untagged or FLAG-tagged OPTN (data not shown), indi-

Figure 7. Foci formation in OPTNWT- and OPTNE50K-overexpressing cells. TM
cells were transiently transfected with pEGFP-N1, pOPTNWT-GFP, or
pOPTNE50K-GFP for 16 hours. Images showing the transgene expression or foci
formation (green) are presented in A. The images were taken using a 63� oil
objective. Bar � 10 �m. Similar results were also obtained with RPE cells (data
not shown). The number of foci in at least 60 transfectants was counted, and
the average number of foci per transfectant is shown in B. Data presented were
mean � SD from three independent experiments.
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cating that the foci formation is not artifactual due to the
tag. The size and the number of the foci are different in
each cell, but their intracellular localization is consistently
around perinuclear regions proximal to the Golgi. The foci

also retain the OPTN properties, co-distributing with
OPTN-interacting proteins Rab8 and myosin VI.

OPTN foci in perinuclear areas in addition co-distrib-
uted with a population of transferrin receptor (Figure 5), a
well-known marker frequently used in studies of endocy-
tosis and recycling pathways. The transferrin receptor-
transferrin complex is internalized through clathrin-
coated pits,35 transported to peripheral early-sorting
endosomes, and then recycled back to cell surface either
directly or via the pericentriolar recycling endosomes.36

Transferrin receptor therefore can be found on the cell
surface, early endosomes, pericentriolar recycling endo-
somes, and vesicles that traverse between these or-
ganelles. In our preliminary experiments (data not
shown), the OPTN foci co-distributed neither with an early
endosomal marker EEA137 nor with a late endosomal and
lysosomal marker LAMP2,38,39 suggesting that OPTN
might be associated with recycling endosomes. Interest-
ingly, the OPTN-interacting Rab8 has been reported to
be localized on transferrin-positive recycling endo-
somes.40 Myosin VI, a motor protein, has also been found
on Rab8-positive vesicles perhaps through OPTN at the
perinuclear region,17 although its presence on recycling
endosomes has yet to be verified. The transferrin recep-
tor result thus points to a possibility that OPTN is associ-
ated with recycling endosomes, having a role in mem-
brane trafficking. In accordance, the OPTN foci were
dispersed on treatment with microtubule depolymerizing
agent nocodazole (Figure 6), as was also observed pre-
viously in pericentriolar recycling endosomes.41

Figure 8. The Golgi integrity in OPTNWT- and OPTNE50K-overexpressing cells. RPE cells were transfected with pEGFP-N1 (a and d), pOPTNWT-GFP (b and e),
or pOPTNE50K-GFP (c and f). Immunofluorescence staining using anti-golgin97 (�-Golgin97) was performed. The transfected cells are marked by the GFP green
fluorescence, and the Golgi staining in the transfected and the neighboring nontransfected cells is seen in red. The merged images are shown in a–c and the
images for Golgi staining alone are shown in d–f. The Golgi apparatus is presented at a higher magnification in insets. Images were taken using a 63� oil
objective. Bar � 10 �m. Similar results were also obtained using TM cells (data not shown).

Figure 9. Quantification of cell death after transfection of OPTNWT and
OPTNE50K. RPE cells transiently expressing GFP alone (-F-), OPTNWT-GFP
(-f-), or OPTNE50K-GFP (-Œ-) were grown on glass chamber slides. Images
in selected five to six 10� fields, each containing at least 50 transfected cells,
were captured after washing at 24-hour intervals for 4 days. The number of
transfected cells in the same fields was counted using Metamorph software.
Results are expressed as number of transfectants per field (mean � SEM, n �
6) after normalization to that at the 24-hour time point. Compared with the
GFP control, cell death was noticed from 72 hours on in OPTNWT- and
OPTNE50K-overexpressing cells (P � 0.001). *P � 0.01 compared with
OPTNWT-GFP.
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Overexpression of wild-type OPTN results in fragmen-
tation of the Golgi (Figures 4 and 8). Generally, the more
prominent the foci formation, the more severe is the Golgi
phenotype. The question of why overexpressed OPTN
causes an alteration of the Golgi is intriguing. This or-
ganelle has a central role in regulation of membrane
traffic for secretion and sorting. It receives newly synthe-
sized proteins and membrane from the endoplasmic re-
ticulum and, after modification, repackages them for sort-
ing to the plasma membrane, lysosomes, or secretory
granules. The Golgi also receives recycled membrane
through endocytosis and sends membrane components
back to the endoplasmic reticulum for continued use.
Perturbation during the processes for membranes into
and out of the Golgi may affect its distribution and mor-
phology.42 For example, depletion of proteins that are
involved in vesicle transport such as p115 and dynein
causes fragmentation of the Golgi.43,44 The fragmenta-
tion can also be induced by alteration in microtubule
integrity, as was observed with nocodazole31 or taxol45

treatment or on overexpression of microtubule-associ-
ated proteins, including tau.28 We speculate that the
overexpressed OPTN might affect vesicle trafficking of
membranes into the Golgi by overwhelming the critical
limiting motor protein components and/or the microtubule
network. A balanced level of OPTN in the cells may be
vital for the Golgi steady-state organization and integrity.

In this study, we used the GFP technology to investi-
gate the effects of an OPTN mutant, E50K, which is
prevalent in patients with NPG.10,12 We demonstrate that
the foci formation and fragmentation of the Golgi are
much more dramatic in cells expressing OPTNE50K (Fig-
ures 7 and 8; Table 1) than those overexpressing OPT-
NWT, strongly implicating E50K as a dominant active
mutation. Interestingly, NPG subjects who had E50K mu-
tation were reported clinically to suffer glaucomatous
defects more severe than those without this mutation.46 It
is also of note that PROSITE analysis47 indicates that
introduction of Glu503Lys mutation results in no partic-
ular changes either in the structure or the conformation of
OPTN (data not shown). The E50K mutation may conceiv-
ably affect the protein activity or property by other mech-
anisms such as posttranslational phosphorylation.

Cell death was observed in OPTNWT- and OPTNE50K-
overexpressing cells (Figure 9). As was seen with the foci
formation and Golgi alteration, cell loss was also more
pronounced in the OPTNE50K cultures. Cell death could
be a consequence of fragmentation of the Golgi and/or
defects in vesicle trafficking, as has been extensively
described in the literature. For instance, Golgi disruption
has been shown to be caused by ceramide before its
other cellular effects, including detachment before apo-
ptosis.48 Expression of a caspase cleavage fragment of
p115, a vesicle tethering protein, induces fragmentation
of the Golgi apparatus and cell death.49 Mutant Rab8 that
impairs docking and fusion of rhodopsin-bearing post-
Golgi membranes also causes cell death.50

Fragmentation of the Golgi in brain tissues has been
reported in patients afflicted with many neurodegeneration
diseases, including Alzheimer’s disease,51 amyotrophic lat-
eral sclerosis,52 Creutzfeldt-Jakob disease,53 and multiple

system atrophy.54 Glaucoma has also been recognized or
classified as a neurodegenerative disorder. In this condi-
tion, progressive cell loss in the TM and the retina is well
documented.55,56 We surmise therefore that chronic cell
loss resulting from the Golgi fragmentation and/or defective
trafficking may be the underlying basis of how the E50K
mutation renders the patients predisposed for the glau-
coma pathology. Of note, however, is that this hypothesis,
derived from findings on TM and RPE cells, has to be tested
using NPG-relevant cell types such as retinal ganglion cells.

In summary, the current study presents evidence that
implicates a role of OPTN in vesicle trafficking and the
Golgi organization. A known genetic mutation (E50K) is
demonstrated to potentiate Golgi fragmentation and
cause extensive cell death, a key occurrence in POAG.
These findings may be of clinical relevance, providing
an insight into the possible mechanisms why E50K
would exhibit a propensity toward the development of
glaucoma.
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